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Abstract 26 
X-Ray computed microtomography was carried out on four pyroclasts from the 1997 27 
Vulcanian explosions of Soufrière Hills Volcano, Montserrat. For the first time, 3D data from 28 
multiple image stacks with different spatial resolutions (including a very high spatial 29 
resolution of 0.37 µm.px-1) were combined to perform vesicle and crystal size distributions 30 
from ~2 µm to ~1 mm in diameter. Vesicle number densities range from 6.6×1014m-3 in the 31 
breadcrust bomb to 59.8×1014m-3 in pumices. Size distributions are invariably power-law for 32 
vesicles > 20 µm, indicating of the importance of bubble coalescence, as supported by visual 33 
observation. Minimum Fe-Ti oxides number densities are 12-19×1014m-3, and greatly exceed 34 
vesicle number densities. Results are in good qualitative and quantitative agreements with 35 
those obtained on the same samples using classical 2D textural image-analysis, and total 36 
vesicularities are consistent with those obtained by He-pycnometry.  37 
The coalescence process was investigated using throat size distributions. Coalescence 38 
occurred in all pyroclasts between neighbouring bubbles of any sizes; the larger the vesicle, 39 
the more connected it is. Coalescence thus affected indifferently pre- and syn-explosive 40 
bubbles, suggesting that the syn-explosive gas was rapidly connected to large-scale pathways 41 
through which it could escape. This process was largely facilitated in the pumices due to the 42 
small thickness of vesicle walls. 43 
 44 
Keywords: X-ray computed microtomography, Vesicle Size Distribution, Vulcanian 45 
explosions, Soufrière Hills volcano, Coalescence 46 
 3 
Introduction 47 
Explosive volcanic eruptions are triggered by the fragmentation of magmatic foam 48 
into a suspension of pyroclasts and gas that is discharged at high velocities into the 49 
atmosphere. The extent and intensity of this fragmentation is mainly dependent on the ability 50 
of gas to escape out of the magma, and hence on the processes of gas bubble nucleation, 51 
growth and coalescence. Studies of pyroclast textures, mainly performed using 2D image-52 
analysis, have advanced understanding of these processes (Klug and Cashman 1994, 1996; 53 
Klug et al. 2002; Adams et al. 2006; Giachetti et al. in press, and references therein), but 54 
several questions remain. One important issue concerns the timing of bubble coalescence 55 
relative to fragmentation and eruption, which directly controls permeability acquisition and 56 
therefore the ability of magma to outgas during ascent (e.g. Eichleberger et al. 1986; Saar and 57 
Manga 1999; Gardner 2007; Gonnerman and Manga 2007; Namiki and Manga 2008 and 58 
reference therein). Bubble coalescence is a key process in the determination of eruptive style 59 
but is difficult to study, especially in two dimensions. 60 
X-ray computed microtomography (µCT) is a powerful, non-destructive method for 61 
imaging textures and for quantifying vesicle spatial relationships and size distributions in 3D. 62 
Nevertheless, only a few studies of volcanic pyroclasts using this tool are available at the time 63 
of writing (Song et al. 2001; Shin et al. 2005; Polacci et al. 2006; Polacci et al. 2008; Polacci 64 
et al. 2009a, b; Degruyter et al. 2009). These studies have however demonstrated the power of 65 
µCT in the understanding of complex textures, such as those of pyroclasts produced during 66 
explosive eruptions. In the present study, µCT was applied to four texturally different samples 67 
from the 1997 Vulcanian explosions of Soufrière Hills Volcano, Montserrat. The general 68 
features of these explosions were documented by Druitt et al. (2002) and Formenti et al. 69 
(2003), and modelled by Clarke et al (2002) and Melnik and Sparks (2002). The pre-explosive 70 
conduit stratigraphy and dynamics were reconstructed by Melnik and Sparks (2002), Kennedy 71 
et al. (2005), Diller et al. (2006), Clarke et al. (2007) and Burgisser et al. (submitted). A 72 
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detailed 2D textural study of these same samples, including high-resolution vesicle and 73 
crystal size distributions, was carried out by Giachetti et al. (in press). Consequently, both the 74 
general eruptive dynamics and vesiculation processes during these explosions are well 75 
constrained. This context provides a unique chance to compare the results of textural analysis 76 
obtained by two methods (2D and 3D image-analysis), applied on the same samples. 77 
Moreover, µCT allows investigation of the coalescence process in three dimensions that is 78 
impossible to perform in a quantitative way using classical 2D images-analysis techniques. 79 
We first recall the major features of the 1997 explosions and summarise the results of 80 
Giachetti et al. (in press) concerning the vesicle size distributions and vesiculation processes 81 
occurring before and during a typical Vulcanian explosion. We then describe the acquisition 82 
of the microtomographic images, and explain the methodology used to calculate the size 83 
distributions of vesicles and crystals larger than ~2 µm. We emphasize the novelty of our 84 
study and compare the results of our 3D textural analysis with those obtained in 2D by 85 
Giachetti et al. (in press) on the same samples, and discuss the relative merits of the two 86 
methods. Finally, we investigate the bubble coalescence process, quenched in progress, by 87 
estimating throat size distributions and vesicle interconnectivities, and we discuss 88 
implications of our results for the processes of magma vesiculation during the 1997 89 
explosions.  90 
 91 
Volcanic context and previous results 92 
The 88 Vulcanian explosions of Soufrière Hills in 1997 occurred every 3-63h (mean 93 
of ~10h) in two periods: thirteen between 4 and 12 August, and seventy five between 22 94 
September and 21 October (Druitt et al. 2002). Each started with a high-intensity phase 95 
lasting a few tens of seconds during which multiple jets were ejected at 40-140 m.s-1 (first 10-96 
20 s), before collapsing back to form pumiceous pyroclastic flows (Formenti et al. 2003). 97 
Fallout of pumice and ash occurred from 3-15-km buoyant plumes that developed above the 98 
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collapsing fountains. A waning phase then followed, lasting 1 to 3 hours. Each explosion 99 
discharged on average 8×108 kg of magma, two-thirds as pyroclastic flows and one-third as 100 
fallout, representing a conduit drawdown of 0.5-2 km (Druitt et al. 2002). Studies of quench 101 
pressures using microlite or/and glass water contents support a maximum drawdown of ~2 to 102 
3 km (Clarke et al. 2007; Burgisser et al. submitted). Each explosion started when magma 103 
overpressure exceeded the strength of an overlying degassed plug and a fragmentation wave 104 
propagated down the conduit at a few tens of m.s-1 (Druitt et al. 2002; Clarke et al. 2002; 105 
Melnik and Sparks 2002; Spieler et al. 2004a-b; Diller et al. 2006; Mason et al. 2006). After 106 
each explosion, magma rose up the conduit during the ~10h before the onset of a new 107 
explosion.  108 
The Vulcanian products are andesitic and contain ~40-50 wt% of phenocrysts of 109 
plagioclase, hornblende, orthopyroxene, magnetite, ilmenite and quartz set in a groundmass 110 
consisting of microlites (mostly plagioclase and magnetite) and rhyolitic glass, the total 111 
crystal content being 66-90 wt% (Giachetti et al. in press). The products exhibit a large 112 
spectrum of textures including from top to bottom: dense samples and breadcrust bombs from 113 
a microlite-rich degassed plug, dense and banded pumices from a transition zone and 114 
pyroclastic-flow and fallout pumices derived from a deeper, more homogeneous, gas-rich 115 
zone (Burgisser et al. submitted; Giachetti et al. in press). 116 
A detailed textural study of these samples, including high-resolution 2D vesicle and 117 
crystal size distributions, was carried out by Giachetti et al. (in press). Vesicles constitute 1-118 
66 vol% of breadcrust bombs and 24-79% of pumices, all those larger than a few tens of µm 119 
being interconnected. Small vesicles (< few tens of µm) in all pyroclasts are interpreted as 120 
having formed syn-explosively, as shown by their presence in breadcrust bombs formed from 121 
originally non-vesicular magma. Most large vesicles (> few hundreds of µm) in pumices are 122 
interpreted as pre-dating explosion, implying pre-explosive conduit porosities up to 55%. 123 
About 15% of large vesicles in pumices, and all those in breadcrust bombs, are angular voids 124 
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formed by syn-explosive fracturing of amphibole phenocrysts. In pumices, an intermediate-125 
sized vesicle population formed by coalescence of the small syn-explosive bubbles. 126 
Nucleation took place heterogeneously on titanomagnetite, number densities of which greatly 127 
exceed those of vesicles. Visual evidence of heterogeneous nucleation exist on SEM images. 128 
Bubble growth took place mainly by decompression. 129 
 130 
Samples 131 
Field sampling of the 1997 Vulcanian explosion products was carried out in 2006 and 132 
2008. The interior of one coarsely breadcrusted bomb (BCP1c), two dense pumices (AMO29 133 
and AMO36) and one light pumice (PV3), all from pyroclastic flows deposits, were chosen 134 
for µCT analysis of vesicle and crystal size distributions. These samples were chosen because 135 
they covered the wide range of textures and vesicularities (from 30 vol% in the breadcrust 136 
bomb interior until more than 75% in the highly vesicular pumice) observed in the 1997 137 
deposits, and because their vesicle and crystal size distributions have already been measured 138 
in 2D (Giachetti et al. in press).  139 
 140 
Methods 141 
X-ray computed microtomography is a powerful, non-destructive method for obtaining 142 
information on the texture of a sample, especially the spatial relationships or size distributions 143 
of vesicles and crystals. The Vulcanian pyroclasts contain vesicles and crystals spanning 144 
several orders of magnitude in size, from <1 µm to several mm (Giachetti et al. in press). In 145 
order to cover this wide range of sizes, µCT images were acquired on each sample at three 146 
magnifications, each covering a different size range but with large overlaps.  147 
The largest objects (vesicles and crystals) were imaged using a Skyscan1072 148 
microtomograph at IPROS (Orléans, France). Cylinders of ~10 mm in diameter were cut into 149 
the samples and analysed using a 80 kV-100 µA source. During acquisition, samples were 150 
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rotated 180 degrees around an axis perpendicular to the incident beam, projections being 151 
recorded each 0.45°. X-ray projections were then converted to a stack of 1024×1024 pixels2 152 
grey-scale images (Fig. 1a) using the NRecon software. The scale of these images is 153 
~17.36 µm.vx-1 (vx = voxel that is a cubic pixel) for all the samples. We considered that an 154 
object could be detected on the images if it constituted at least 50 voxels (~2.3 pixels in 155 
diameter), and that it was statistically represented if it measured 0.001 of the analysed sample 156 
volume (i.e., 0.1 of the cube side). Considering these limits, objects between ~80 µm and 157 
~900 µm in diameter were analysed with this set of images, which will be referred to hereon 158 
as the IPROS stack. 159 
Intermediate-size objects were analysed at ISTO, Orléans, using a Nanotom 160 
microtomograph manufactured by Phoenix|x-ray. Cylinders of 4.5 mm in diameter were cut 161 
from the samples and analysed using a 80 kV-90 µA source. They were rotated through 360°, 162 
projections being recorded at each 0.28°, and 1132×1132 pixels2 grey-scale images were 163 
obtained by conversion of these projections (Fig. 1b). Image scales from 4 to 8 µm 164 
(depending on the samples) allowed us to detect objects between ~18 µm and ~400 µm in 165 
diameter on these images, which will be referred to as the ISTO stack. 166 
Objects smaller than a few tens of µm were captured at the Swiss Light Source on the 167 
TOmographic Microscopy and Coherent rAdiology experimenTs beamline (TOMCAT, 168 
Vilingen, Switzerland). Cylinders of 0.6 mm in diameter were drilled from each sample and 169 
analysed. During acquisition, the samples were rotated 360°, and projections were recorded 170 
every 0.24°, then converted online to a stack of 2048 grey-scale images of 2048×2048 pixels2 171 
each (Fig. 1c). The voxel size was 0.37 µm for all the samples, rendering analysable objects 172 
between ~2 µm and ~35 µm. These images will be referred to as the SLS stack. 173 
 174 
 175 
 176 
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Image analysis 177 
We treated each stack of images in the same manner. First, we obtained qualitative 178 
information about texture by analysing the grey-scale images as sequences in the ImageJ 179 
software. Qualitative observations were also made by visualizing 3D renderings of parts of 180 
the scans using the commercial software package VGStudio (Fig. 2a-b). We then extracted 181 
quantitative information from the same stacks. Since calculation times are large when 182 
working with 3D data, we worked with a texturally representative 3003 or 4003 px3 cube, cut 183 
from the volume of each stack. We then analysed the images quantitatively using the software 184 
packages 3DMA-Rock (Lindquist 1999; Lindquist and Venkatarangan 1999; Lindquist et al. 185 
2000; Prodanovic et al. 2007; Shin et al. 2005) and ImageJ. 186 
For the SLS stack, we first cut a 8003 px3 cube from the volume, filtered the images in 187 
order to highlight thin objects (e.g. glass fibres), and re-sampled the cube by 2, in order to 188 
finally work with a 4003 px3 cube at a scale of 0.74 µm.vx-1. This was done in order to 189 
increase the volume analysed without increasing the calculation time, and without losing too 190 
many vesicle walls. Images were then segmented (i.e. converted into binary images) using 191 
ImageJ in order to distinguish three classes of objects: vesicles, Fe-Ti oxide crystals, and 192 
other crystalline phases. Fe-Ti oxides are easy to distinguish on the images, as they usually 193 
appear white. The other crystal phases were highlighted on the IPROS and ISTO images, but 194 
it was often impossible to distinguish them from residual glass on the SLS images, due to 195 
similar grey-levels. Crystal geometrical parameters were then obtained using ImageJ, which 196 
provides a list of all 3D objects present in a stack of binary images. To study the vesicle size 197 
distribution, we first needed to rebuild some vesicle walls in order to: (1) reconstruct very thin 198 
parts that disappeared during the segmentation process, and (2) disconnect recently coalesced 199 
vesicles (i.e. vesicles separated by a partially retracted wall) so as to allow us to reconstruct 200 
the state of coalescence immediately prior to sample quench. 201 
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The images of each stack were treated using 3DMA-Rock, which rebuilds vesicle 202 
walls in two steps. First, a 1-D representation of the vesicle network (medial axis or skeleton, 203 
Lindquist and Venkatarangan 1999) was constructed by virtual erosion, layer by layer, of the 204 
network voxels, while preserving its topological and geometrical properties (Fig. 2c). This 205 
medial axis was then cleaned by removing branches artificially computed due to image noise. 206 
Several options and parameters are available in the program while performing this step, each 207 
having a different impact on the final medial axis structure. Second, the program broke up the 208 
porosity network into individual vesicles by calculating inter-vesicle throats along the medial 209 
axis (Fig. 2d; Lindquist et al. 2000; Shin et al. 2005; Prodanovic et al. 2006). We used the 210 
“aggressive throat computation” option (Prodanovic et al. 2006), which combines three 211 
algorithms to perform this step, since our samples are highly vesiculated. Again, several 212 
options are available, and these have an impact on the number and locations of throats 213 
calculated, and hence on the calculated vesicle size distribution. Finally, 3DMA-Rock 214 
provides for each vesicle: its volume, a list of its neighbouring vesicles and the associated 215 
throats separating the vesicle from its neighbour(s). 216 
Even by changing the multiple options and parameters used in the trimming of the 217 
medial axis and the calculation of throats, we could not totally avoid computation of some 218 
non-physical (artificial) throats (Fig. 3). However, varying the parameters changed the 219 
number and the spatial locations of these non-physical throats (Fig. 3a-c). Seven runs using 220 
different input parameters were therefore launched on one stack in order to test the impact of 221 
non-physical throats on vesicle size distribution and number density. Figure 4 shows that the 222 
impact is minor on the vesicle number distribution, since only small variations exist between 223 
the seven trials. After visual inspection of several processed stacks, we concluded that 224 
3DMA-Rock has the tendency to forget to rebuild some walls between coalesced vesicles, 225 
rather than creating too many artificial ones. For this reason, when several trials were done on 226 
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one stack using 3DMA-Rock, we used the one that gave the highest number of vesicles in 227 
order to build the whole size distribution.  228 
The 3DMA-Rock program only recognizes vesicles separated by computed throats 229 
(i.e. previously connected vesicles), and naturally isolated vesicles are not identified. 230 
Processed images (including computed throats) were therefore re-analysed using ImageJ, 231 
which identifies all vesicles. The difference between the two vesicle lists then provided us 232 
with size distribution of both isolated and connected vesicles. Size distributions were then 233 
constructed for vesicles, oxide crystals and other crystalline phases, in two steps: 234 
Step 1. Size distribution for each stack. An equivalent diameter D was calculated 235 
(assuming spherical shape) for each object, and the volume and number distributions were 236 
calculated as functions of D for each stack (Fig. 5a-c and Fig. 6a).  237 
Step 2. Size distribution for the whole sample using the distributions of each stack. We 238 
first defined cut-off limits between magnifications, chosen so that: (1) each object had a 239 
diameter of at least 50 voxels, (2) each object was not larger than 0.001 of the relevant stack 240 
size, and (3) the vesicle number density distribution was the smoothest as possible. We then 241 
normalised the data at each magnification to the volume of the IPROS stack, correcting at 242 
each magnification for objects larger than the cut-off limits previously defined. This 243 
correction was applied starting at the lowest magnification (IPROS stack) and working 244 
progressively upwards. Object volume and number distributions were then obtained for the 245 
whole sample (Fig. 5d and Fig. 6b), and total vesicularity and number density were obtained 246 
by summing data from all bins. In total, 6,100-54,390 crystals and 17,820-100,480 vesicles 247 
were used to build distributions for the whole samples. This method of constructing 3D object 248 
size distributions is very similar to that used in 2D by Giachetti et al. (in press).  249 
We also calculated the sphericity of each vesicle ( AV 3231 )6(pi=Ψ , where V is 250 
volume and A is external surface area), excluding those vesicles cut by cube edges. A perfect 251 
sphere would have Ψ = 1, whereas a highly deformed vesicle would have Ψ  0.  252 
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Results 253 
Qualitative observations 254 
The following observations were made in 3D but for reasons of clarity, we often used 255 
2D renderings of particular planes to illustrate our observations. 256 
The three pumices are very similar and are distinct from the breadcrust bomb in their 257 
higher bulk vesicularity and thinner vesicle walls. Moreover, the three vesicle size 258 
populations recognized by Giachetti et al. (in press) in 2D are also recognized qualitatively on 259 
the 3D images, but with better resolution of textural features and spatial relationships.  260 
Large vesicle population. The IPROS and ISTO stacks highlight the occurrence of 261 
both: (A) large angular cracks produced by phenocryst fracture (Fig. 7a) and (B) other large 262 
vesicles (Fig. 7b) that are clearly not linked to phenocrysts. Vesicles of type A are visible in 263 
all samples, but occur more commonly in breadcrust bombs (~50% of phenocrysts > 0.5 mm 264 
are fractured) than in pumices (<10% of phenocrysts > 0.5 mm are fractured). They occur 265 
mostly in amphiboles, but also in oxides or orthopyroxenes, and only affect phenocrysts 266 
larger than a few hundreds of microns. Four types of fracture are observed: (1) parallel to 267 
crystal length, (2) perpendicular to crystal length (Fig. 7c), (3) 1 and 2 in the same crystal 268 
(Fig. 7a), and (4) rare, more randomly oriented fractures (Fig. 7a). All four fracture types 269 
occur in the breadcrust bomb, whereas only types (1) or (2) were seen to occur in the 270 
pumices. The fractures are never filled by glass, apart from thin glass fibers connecting 271 
neighbouring crystal fragments that the high spatial resolution of the SLS images allows us to 272 
detect. 273 
Type B vesicles are common in the pumices but very few of them are present in the 274 
breadcrust bomb (less than ~5% of large vesicles). These vesicles are ragged, partly flattened 275 
vesicles that seem to be mostly aligned parallel the same direction (Fig. 7d), and seem to 276 
constitute a large fraction of the pumice vesicularity of pumice samples. 277 
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Intermediate vesicle population. The intermediate vesicle size population (Fig. 7e) 278 
formed by coalescence of smaller vesicles, as shown by the presence of many incompletely 279 
retracted vesicle walls (Fig. 7f), as also observed by Giachetti et al. (in press), in 2D. This 280 
population does not appear clearly in the breadcrust bomb sample (Fig. 7h). 281 
Small vesicle population. Vesicles of the small population have more spherical shapes 282 
than large or intermediate ones, and are visually mostly isolated in three dimensions. In 283 
general, the smaller the vesicle, the thicker the intervening walls (Fig. 7e-h). Small vesicles 284 
protrude into vesicles of the intermediate and large populations (Fig. 7g). 285 
Microlites. Microlites are present in all samples, crystals of magnetite being easily 286 
visible since they stand out in white. Plagioclase microlite are qualitatively distinguishable 287 
from the glass on the SLS images even if they were not successfully distinguished in a 288 
quantitative way. The breadcrust bomb sample seems to contain more plagioclase microlites 289 
than the three pumices (Fig. 7h) as also concluded by Giachetti et al. (in press). 290 
Quantitative observations 291 
Glass-referenced vesicle-volume distributions are shown for the four samples in 292 
Fig. 8. Size distributions obtained using 2D image-analysis (Giachetti et al. in press) for these 293 
four samples are provided on the same figure for comparison. 294 
The vesicle volume distribution of the breadcrust bomb is broadly bimodal, although 295 
less so than in the 2D data. The large population (>160 µm with a mode at ~600 µm) is 296 
accounted for entirely by crystal-associated voids, but does not form (unlike in 2D) a distinct 297 
mode. Vesicles of the intermediate and small populations together form a single, broad peak. 298 
Almost all the vesicles are interconnected, isolated ones being smaller than a few microns and 299 
not represented on these plots. As inferred by visual inspection, the distributions of all three 300 
pumices are very similar, with a population of small vesicles with a mode at 20-30 µm, a 301 
population of large vesicles (> 100-200 µm) and a population of intermediate vesicles with a 302 
mode at 50 to 70 µm, depending on the sample. The population of large vesicles has a 303 
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minimum at 500-600 µm (see samples AMO36 and PV3) in all pumice samples. Visual 304 
inspection show that vesicles larger than 500-600 µm are those linked to phenocrysts (type A) 305 
whereas those of 100-500 µm are type B vesicles. Bulk vesicularities calculated by integrating 306 
the volume distributions are within 10 vol% of those obtained by He-pycnometry (Table 1).  307 
Despite some artefacts related to image magnification limits (e.g. cut-offs between the 308 
ISTO and IPROS data), vesicle sphericity decreases with increasing size throughout the 309 
intermediate and large populations, consistent with their more ragged shapes inherited from 310 
coalescence (Giachetti et al. in press). 311 
Vesicle size distributions plotted using cumulative vesicle number density (Fig. 9) are 312 
significant to ~2 µm. The cumulative number distributions of all four samples are very 313 
similar, defining approximately linear trends for vesicles > 20 µm. Linear trends on such plots 314 
depict power-law distributions, the slope being a fractal dimension (Gaonac’h et al. 1996a, b; 315 
Blower et al. 2001). The data from the samples give a slope of -3.5±0.1. Vesicles smaller than 316 
~20 µm, which account for more than 99% of the total vesicle number density, fall off the 317 
power-law trend, defining a different trend. Total number densities of vesicles >2 µm range 318 
from 6.6 ×1014 m-3 in the breadcrust bomb to 59.1 ×1014 m-3 in one of the pumices, but no 319 
systematic correlation with pyroclast vesicularity is observed. 320 
Glass-referenced crystal volume distributions for the four pyroclasts are presented in 321 
Fig. 10. Three main populations of crystals can be recognised: phenocrysts larger than 322 
~200 µm with a mode at ~1-1.5 mm, microphenocrysts with a mode around 60-100 µm and 323 
microlites, smaller than few tens of µm. Total crystal contents calculated vesicle-free are 324 
constant in the pumices (68 to 69 vol%), and lower in the breadcrust bomb (36 vol%; Table 325 
1), consistent with the 66-90 wt% of crystals calculated by Giachetti et al. (in press). Note that 326 
our crystal distributions include all crystal data from the IPROS and ISTO stacks, but rarely 327 
take into account plagioclase smaller than this size, due to the very low contrast from residual 328 
glass on SLS images. This has no effect on the volume distribution (except sometimes an 329 
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artificial gap between the data from the SLS and from the ISTO stacks), but affects crystal 330 
number densities, which are not provided for this reason. It may also explain the abnormally 331 
low crystal content of the breadcrusted bomb, which is rich in plagioclase microlites, as 332 
previously shown on the SLS images (Fig. 7h). Fe-Ti oxides were easily analysed at all scales 333 
down to 2 µm and their total glass-referenced number densities are 12 to 19×1014 m-3 334 
(Table 1). All cumulative oxide size distributions are power-law at all scales (Fig. 11). There 335 
is no correlation between oxide and vesicle number densities. Note that several microlites 336 
being < 2µm, oxide number densities provided here are minima. 337 
 338 
Discussion 339 
Polacci et al. (2006) were among the first to use µCT in a quantitative way on scoria 340 
and pumice from explosive volcanic eruptions. They showed in particular a positive 341 
correlation between vesicle number density of the sample and eruption intensity, densities 342 
varying from ~109 m-3 in a Strombolian scoria (Stromboli) up to ~1013 m-3 in a pumice from 343 
the Campanian Ignimbrite. Polacci et al. (2008; 2009a, b) also used µCT to measure vesicle 344 
size distributions of scoria from Stromboli and Mt. Etna volcanoes. Their data were acquired 345 
using relatively low pixel resolutions (14 to 3.85 µm.px-1) and connected vesicles were 346 
virtually separated using the Blob-3D program (Ketcham 2005a,b), which is useful software 347 
when working with relatively low vesicle number densities and vesicle deformations. 348 
However, this procedure does not allow us to deal with the coalescence process, since throat 349 
size distribution remains unknown. Moreover, at higher vesicle number densities like those of 350 
our samples (number densities up to ~6×1015 m-3), vesicle separation is much more 351 
problematic, and automated procedures are required. Degruyter et al. (2009) performed µCT 352 
on pumices from the Kos Plateau Tuff with resolutions of ~6 and ~15 µm.px-1, and they used 353 
the 3DMA-Rock software for quantitative 3D image analysis. They measured vesicle number 354 
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densities up to ~1012 m-3, and used vesicle and throat size distributions to quantitatively relate 355 
Darcian permeability to the physical characteristics of the vesicle network. 356 
In our study, the 3D vesicle and crystal size distributions were obtained by combining 357 
data from three different image stacks, with very high resolutions (up to 0.37 µm px-1). 358 
Although combining data from several magnifications is a common procedure in 2D image-359 
analysis studies (e.g. Klug et al. 1994; Shea et al. 2010; Giachetti et al. in press), to our 360 
knowledge, it has not been done before using 3D data. This approach allowed us to measure 361 
complete size distributions for vesicles as small as 2 µm and as large as to ~1,000 µm. 362 
Comparison with data from 2D image analysis 363 
An important advantage of µCT over 2D image analysis is that it is non-destructive. 364 
For example, the problem of crystal plucking during thin sectioning is avoided. Moreover, 365 
sample preparation is trivial, since µCT requires only trimming of the sample to fit in the 366 
apparatus, sample size depending mostly on the pixel size wanted. Another advantage is that, 367 
µCT allows to work with full 3D imaging, and does not require assumptions concerning the 368 
shapes of vesicles and crystals that are indispensible when converting surface-referenced 369 
number densities to volume-referenced ones in 2D (i.e. the cut effect problem; Cheng and 370 
Lemlich 1983; Sahagian and Proussevitch 1998; Shea et al. 2010). On the other hand, µCT 371 
produces huge amounts of data that require high computing resources. 372 
The µCT results are now compared to those obtained on the same samples using 2D 373 
image analysis (Giachetti et al. in press). The two methods lead to the same qualitative 374 
observations: (1) the textural similarity of all three pumices, which differ from the breadcrust 375 
bomb, (2) the existence of distinct small and large vesicle populations in the breadcrust bomb 376 
and the existence of a third, intermediate-sized population in the pumices, and (3) the 377 
presence in pumices of large, ragged, coalesced vesicles that are essentially absent in the 378 
breadcrust bomb. Quantitative parameters obtained by the two approaches are compared in 379 
Table 1. Only objects larger than 2 µm are taken into account, since this is the minimum size 380 
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studied in 3D. Values obtained in 2D were therefore recalculated using a 2 µm cut-off, so as 381 
to be comparable to 3D values. Vesicle number densities obtained by the two methods are of 382 
the same order of magnitude, 3D values being up 3.5 times lower to 2.3 times higher than the 383 
2D values. In both cases the cumulative number density distributions exhibit power-law 384 
trends (attributed to coalescence) for vesicles >20 µm and an exponential trend for those <20 385 
µm. Fe-Ti oxide number densities obtained by 3D-analysis are 1.1 to 3.3 times lower than 386 
those obtained in 2D. The cumulative number density distribution of oxides obtained in 3D 387 
follows a power-law distribution at all scales, as in 2D. These good qualitative and 388 
quantitative agreements between the two techniques suggest that our 3D approach has 389 
captured the vesicle and crystal size distributions correctly, at least to a first approximation. 390 
There is also good agreement between the 3D total vesicularities and those provided by He-391 
pycnometry (see Table 1). 392 
There are, however, some artefacts in the tomography data. First, the 3DMA-Rock 393 
program seems to be unable to dismantle a part of the vesicle network on ISTO images, even 394 
using the aggressive throat computation option. This has the effect of artificially increasing 395 
the amount of intermediate vesicles, explaining why the breadcrust bomb shows a population 396 
of intermediate vesicles that does not exists in the 2D vesicle volume distributions. The 397 
correction for the presence in some of the ISTO and SLS images of these very large, 398 
unrealistic, vesicles not successfully de-coalesced by 3DMA-Rock, artificially increases some 399 
peaks in the vesicle volume distributions, in particular those of the intermediate population 400 
(Fig. 8). Consequently, it slightly increases the total vesicularities of some samples (BCP1c, 401 
AMO36) compared to He-pycnometry values (Table 1). However, visual inspection of the 402 
raw images (e.g., Fig. 7e) and resulting histograms for each stack show that the different 403 
vesicle populations mentioned before are real. Moreover, we do not think that this artefact has 404 
a large effect on vesicle number distributions as shown by the good concordance between 2D 405 
and 3D cumulative number distributions (Fig. 9). Even with the very high resolution of the 406 
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SLS images, isolated vesicles are very rare, due to the presence of some wrongly segmented 407 
pixels that artificially connect many isolated vesicles to their neighbours. For this reason, the 408 
isolated vesicle population, known to exist from He pycnometry measurements (from ~5 to 409 
~11 vol% in these four samples; Giachetti et al. in press), is almost missing in the 3D results. 410 
Finally, the crystal size distributions are significant only for crystals larger than few tens of 411 
microns due to the impossibility of quantitatively distinguishing plagioclase from glass on 412 
SLS images. This problem could certainly be corrected by changing the image acquisition 413 
setup and in particular the beam intensity. On the other hand, the Fe-Ti oxide size 414 
distributions are valid down to 2 µm. 415 
Origins of the vesicle populations 416 
Since our four samples are the same as in Giachetti et al. (in press), and since 417 
qualitative and quantitative observations are similar in 2D and 3D, our interpretations of 418 
vesicle population origins are the same. These interpretations are summarized briefly. Small 419 
vesicles that are present in all pyroclasts are interpreted as having nucleated heterogeneously 420 
and grown syn-explosively (Giachetti et al. in press). In particular, they are present in the 421 
breadcrust bomb which formed by syn-explosive inflation of initially non-vesicular magma. 422 
Intermediate-population vesicles present in pumices are also syn-explosive in origin, because 423 
they formed by the coalescence of the small syn-explosive vesicles (Fig. 7f). Vesicles of the 424 
large population have a mixed origin. The large angular voids formed by phenocryst fracture 425 
are syn-explosive, whereas the large ragged, channel-like vesicles that are commonly present 426 
in the pumices, but absent in the breadcrust bombs, are interpreted as being probably pre-427 
explosive, i.e., they existed in the conduit prior to each explosion. The common elongated 428 
form of these large vesicles (Fig. 7d, g) can be attributed to (1) stretching by viscous flow of 429 
bubbly magma in the periods between explosions or, (2) degassing-induced vesicle collapse 430 
quenched in progress by the explosion. 431 
 432 
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Mechanisms of syn-explosive vesiculation 433 
Bubble nucleation 434 
The data confirm the conclusion of Giachetti et al. (in press) that syn-explosive 435 
nucleation of vesicles took place heterogeneously. Oxide cumulative number density follows 436 
a power-law distribution at all scales (Fig. 11). Tomography-derived oxide number densities 437 
down to 2 µm are of the same order of magnitude than those of vesicles, showing that 438 
sufficient nucleation sites were available (Table 1). Moreover, there is visual evidence of 439 
wetting of oxide crystals by gas, which is consistent with bubble heterogeneous nucleation on 440 
titanomagnetite while it is not the case for other mineral phases (Fig. 12).  441 
We used the decompression rate meter of Toramaru (2006), the water diffusivities 442 
provided by Giachetti et al. (in press), a temperature of 850°C (Devine et al. 2003), and a 443 
surface tension of 0.025 N m-1 (Cluzel et al. 2008), (Table 1), the interstitial glass water 444 
contents and saturation pressures estimations of Burgisser et al. (submitted) and our total 445 
vesicle number densities (that equal those of the small plus intermediate populations) to 446 
calculate syn-explosive decompression rates. The values obtained for the four samples range 447 
from 0.4-1.3 MPa.s-1 for the breadcrust bomb to 0.3-5.1 MPa.s-1 for the pumices. These 448 
estimates are consistent with those based on the 2D vesicle number densities (0.3 to 449 
6.5 MPa.s-1; Giachetti et al. in press). 450 
Bubble coalescence 451 
Computed microtomography provides a unique chance to quantitatively investigate the 452 
coalescence process, that could not be studied directly using a 2D approach. The 453 
microtomography images confirm the importance of coalescence in the vesiculation of the 454 
Vulcanian pyroclasts deduced by Giachetti et al. (in press). Moreover, 3DMA-Rock provides 455 
a list of the walls built in the decoalescence process, and this allows us to construct vesicle 456 
throat size distributions using the same approach as used for vesicle size distributions. 457 
Cumulative throats number distributions (Fig. 13) follow broadly power-law distributions for 458 
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sizes larger than a few microns, some artefacts related to stack limits occurring at ~30 µm and 459 
~200 µm. Below a few microns, the distributions seem to follow exponential trends, like the 460 
vesicle size distributions (Fig. 9). Total throat number densities range from 3.4 to 133×1014 m-461 
3
, with no correlation with vesicle number density. They do, however, correlate with pyroclast 462 
vesicularity, being lowest in the breadcrust bomb (3.4×1014 m-3), intermediate in the dense 463 
pumices (13-22×1014 m-3) and highest in the most vesicular pumice   (133×1014 m-3). Mean 464 
throat diameter ranges from 5.6 to 6.8 µm. Since throat size distribution and vesicularity both 465 
influence permeability (Saar and Manga 1999, Blower 2001; Mueller et al. 2005; Costa 2006; 466 
Bernard et al. 2007), we deduce that permeability increases from the breadcrust bomb to the 467 
most vesicular pumice (Table 1). 468 
The output files provided by 3DMA-Rock also allow us to determine if there is a 469 
relationship between the number of connections per vesicle and its size, and also if 470 
coalescence preferentially occurs between vesicles of similar size or not. Since a vesicle could 471 
be connected X times to a particular neighbour by X different throats, we analysed both the 472 
number of connections and the number of neighbours for each vesicle (the latter value being 473 
equal to, or smaller than, the former). Figure 14 shows the relationship between vesicle size 474 
and the average number of connections (a) or neighbours (b). The three sets of curves on each 475 
plot correspond to the three image stacks, the number of connections or neighbours of a single 476 
vesicle decreasing in the order SLS-ISTO-IPROS due to the progressive decrease in 477 
resolution. As intuitively expected, both the number of connections and the number of 478 
neighbours increase with vesicle size, but no systematic variation with pyroclast type is 479 
observed.  480 
The range of sizes over which coalescence occurs is shown in Fig. 15. Each point 481 
represents a pair of coalesced vesicles, and for this reason they are symmetrical about a line 482 
1:1 and are represented only on one part. The plots show that coalescence occurs between 483 
vesicles of all different sizes, suggesting that, during growth, a vesicle will coalesce with its 484 
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neighbours irrespective of their size, coalescence affecting indifferently pre- and syn-485 
explosive bubbles. However, the weak higher concentration of points in a disc in the middle 486 
of the data of each stack seems to imply that vesicles preferentially coalesce with neighbour 487 
of similar size.  488 
Figure 14 shows that in the breadcrust bomb, the number of connections and 489 
neighbours are broadly the same, whereas in the pumices, vesicles have much more 490 
connections than neighbours. This is also visible in Fig. 15 where the number of points in the 491 
graph is higher for the breadcrust bomb sample than for the pumices. This means that in the 492 
pumices two neighbouring vesicles are connected by several throats (resulting in a single 493 
point on the Fig. 15), whereas in the breadcrust bomb, vesicles are connected fewer times 494 
with the same vesicle. There are two possible explanations for this observation: (1) vesicles in 495 
the pumices are much more deformed than in the breadcrust bomb and thus have more chance 496 
to be connected several times or (2) vesicles walls are thinner in the pumices than in the 497 
breadcrust bomb. Process (1) is not favoured by the vesicle sphericity distribution that seems 498 
to be identical for breadcrust bomb and pumices (Fig. 9). Moreover, the second explanation is 499 
supported by direct visual observation (compare Fig. 7e-g with Fig. 7h). This observation is 500 
linked to the fact that bubble growth in the pumices is better developed than in the breadcrust 501 
bomb, resulting in thinner vesicle walls, facilitating the occurrence of coalescence process in 502 
the pumices between two vesicles. Thus, µCT also gives indirectly useful information about 503 
the mean thicknesses of vesicle walls. 504 
 505 
8. Conclusion 506 
X-Ray computed microtomography was carried out on four pyroclasts from the 1997 507 
Vulcanian explosions of Soufrière Hills Volcano, Montserrat. For the first time, 3D data from 508 
multiple image stacks with different spatial resolutions (including a very high spatial 509 
resolution of 0.37 µm.px-1) were combined to construct vesicle and crystal size distributions 510 
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from 2 µm up to 1 mm in diameter. High vesicle number densities (up to ~60×1014 m-3) 511 
associated with very thin vesicle walls (~1 µm) rendered quantitative data hard to obtain and 512 
required automated decoalescing of the vesicle network. However, these results showed good 513 
qualitative and quantitative agreements with those obtained on the same samples using 2D 514 
image-analysis. Bulk vesicularities also show good agreement with those obtained by He-515 
pycnometry. Further improvements in the decoalescence process is needed in order to avoid 516 
problems linked to the presence of large, unrealistic, vesicles that were not successfully 517 
decoalesced by 3DMA-Rock, and that result in some artefacts in the size distributions. 518 
The use of the 3DMA-Rock program to perform decoalescence of the vesicle network 519 
provided a unique chance to investigate the natural coalescence process in 3D. Coalescence in 520 
all pyroclasts occurred between neighbouring bubbles of any sizes, but, as intuitively 521 
expected, the larger the vesicle, the more connected it is. Coalescence thus affected 522 
indifferently pre- and syn-explosive bubbles, suggesting that the syn-explosive gas was 523 
rapidly connected to large-scale pathways through which it could escape. This process was 524 
largely facilitated in the pumices due to the small thickness of vesicle walls.  525 
 526 
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Figure Captions 662 
Fig. 1: Planes arbitrarily chosen from the three image stacks. a IPROS, b ISTO and c SLS. 663 
The image resolutions are ~17.4, ~4.0 and 0.37 µm.px-1 respectively. The sample imaged here 664 
is the breadcrust bomb interior BCP1c. Vesicles appear black, glass, plagioclase, hornblende 665 
and pyroxene grey, and Fe-Ti oxides white. 666 
 667 
Fig. 2: Three-dimensional rendering of the SLS stacks of the pumice PV3. a Raw, grey-scale 668 
images. Vesicles appear in dark grey, glass, plagioclase, hornblende and pyroxene in pale 669 
grey, and Fe-Ti oxides in white. b After segmentation of vesicles. Crystals and glass are 670 
shown in brown, and vesicles are not highlighted. c After 3DMA-Rock calculation of the 671 
medial axis that appears as blue points. d After building of vesicle throats that appear in 672 
purple. 673 
 674 
Fig. 3: Examples of non-physical throats computed by 3DMA-Rock. Vesicles are shown in 675 
white, crystals and glass are in black and the computed vesicle throats are in grey. The five 676 
black arrows are at the same place on all the images and show the displacement of computed 677 
throats, depending on the input parameters in 3DMA-Rock for the medial axis trimming and 678 
throats computation steps (see text for explanation). 679 
 680 
Fig. 4: Vesicle size distributions obtained for one stack of images using seven sets of input 681 
parameters in 3DMA-Rock. This graph shows the minor impact of non-physical throats on the 682 
vesicle number distribution, both in terms of total number density and in terms of the form of 683 
the distribution. 684 
 685 
Fig. 5: Relative vesicle volume distributions obtained for each single image stack of 686 
breadcrust bomb BCP1c, and vesicle volume distribution calculated for the whole sample. 687 
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 688 
Fig. 6: a Vesicle number distributions obtained for each image stack for breadcrust bomb 689 
BCP1c showing the large overlaps that exist between data from the three stacks. The cut-off 690 
limits defined in the text are shown by dashed lines. b Number distribution calculated for the 691 
whole sample. Visual inspection shows that only minor artefacts are created by stack 692 
combination. 693 
 694 
Fig. 7: Two- and three-dimensional renderings of particular planes or objects in each stack of 695 
images. a Large fractured phenocrysts in breadcrust bomb BCP1c. b Large, ragged, channel-696 
like vesicles in dense pumice AMO36 set into small and intermediate vesicles. c 3D rendering 697 
of an amphibole fractured perpendicular to its length (pumice PV3), showing the angular 698 
characteristics of the voids formed by this process. d Large, elongated bubbles (B), and 699 
angular void (A) created by phenocryst fracture in PV3. e Intermediate-sized vesicle in dense 700 
pumice AMO36. f Evidence for coalescence quenched in progress in dense pumice AMO29, 701 
shown by the presence of incompletely retracted vesicle walls (black arrows). g Extremity of 702 
a large, elongated vesicle and its relationships to small and intermediate-sized vesicles. The 703 
smaller vesicles penetrate into the large vesicle (black arrows). h Texture of the breadcrust 704 
bomb interior (BCP1c) on the SLS images. Vesicle walls are thicker and many plagioclase 705 
microlites (black arrows) can be distinguished from the residual glass. 706 
 707 
Fig. 8: Glass-referenced vesicle volume (dark grey) and sphericity distributions as functions 708 
of vesicle size. In light grey in the background and with a thin black line are also represented 709 
the vesicle volume distributions obtained by Giachetti et al. (in press) using 2D image-710 
analysis. The limits between the different stacks are marked by vertical dashed lines and 711 
visual inspection show only minor artefacts around 30-40 µm. These artefacts are due to the 712 
correction applied for the presence on most of the ISTO and SLS stacks of a package of 713 
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vesicles that was not successfully dismantled by the 3DMA-Rock program, forming one 714 
unrealistic, artificial, vesicle. 715 
 716 
Fig. 9: Glass-referenced cumulative vesicle number densities for the four pyroclasts analysed. 717 
A best-fit power law for vesicles larger than 20 µm is also shown as well as the field (grey) 718 
covered by the cumulative vesicle number densities obtained by Giachetti et al. (in press) for 719 
the same sample (cut at ~2 µm to be directly compared with our data). 720 
 721 
Fig. 10: Glass-referenced crystal volume distributions. The vertical dashed lines are the 722 
image-stack magnification limits. 723 
 724 
Fig. 11: Glass-referenced cumulative oxide number densities for the four pyroclasts analysed. 725 
This graph show that oxides distribution are power-law at all scales. 726 
 727 
Fig. 12: Textural evidence for heterogeneous nucleation of bubbles on titanomagnetite 728 
crystals. Contrary to other mineral phases, Fe-Ti oxides are not wetted by glass. 729 
 730 
Fig. 13: Throat size distributions for the four pyroclasts. 731 
 732 
Fig. 14: a Relationships between the size of a vesicle and its number of connections with 733 
neighbouring vesicles. b Relationships between the size of a vesicle and its number of 734 
neighbours. 735 
 736 
Fig. 15: Equivalent diameters of the two vesicles of each couple of coalesced vesicles. These 737 
graphs are symmetrical by a line 1:1, by definition. 738 
Figures 739 
 740 
Figure 1 741 
 742 
 
 
 
 743 
 744 
Figure 2 745 
 746 
 747 
 31 
Figure 3 748 
 749 
   
 750 
 751 
Figure 4 752 
 753 
 754 
 755 
 756 
 757 
 758 
 759 
 760 
 761 
 762 
 763 
 764 
 765 
 766 
 767 
 768 
 769 
 32 
Figure 5 770 
 771 
 
 
R
el
at
iv
e 
v
es
ic
le
 
pr
o
po
rt
io
n
 
(vo
l%
) 
  
 Vesicle Equivalent Diameter (µm) 
 772 
Figure 6 773 
 774 
V
es
ic
le
 
N
u
m
be
r 
D
en
sit
y 
(m
-
3  
o
f w
ho
le
 
sa
m
pl
e) 
a 
 
V
es
ic
le
 
N
u
m
be
r 
D
en
sit
y 
(m
-
3  
o
f g
la
ss
) 
b 
 
 Vesicle Equivalent Diameter (µm) 
Figure 7 775 
 776 
 
 
  
 
 
 
 
 777 
 778 
 779 
 34 
Figure 8 780 
 781 
Sp
he
ric
ity
 
V
es
ic
le
 
V
o
lu
m
e 
Pr
o
po
rt
io
n
 
(vo
l%
) 
  
Sp
he
ric
ity
 
V
es
ic
le
 
V
o
lu
m
e 
Pr
o
po
rt
io
n
 
(vo
l%
) 
  
 Vesicle Equivalent Diameter (µm) 
 782 
 783 
Figure 9 784 
 785 
 786 
 35 
Figure 10 787 
 788 
  
Cr
ys
ta
l V
o
lu
m
e 
Pr
o
po
rt
io
n
 
(vo
l%
) 
  
       Crystal Equivalent Diameter (µm) 
 789 
 790 
 791 
 792 
 793 
Figure 11 794 
 795 
 796 
 797 
 798 
 799 
 800 
 801 
 802 
 36 
 803 
 804 
Figure 12 805 
 806 
 807 
 808 
 809 
 810 
Figure 13 811 
 812 
 813 
 814 
 815 
 816 
 817 
 818 
 819 
 820 
 37 
 821 
 822 
 823 
Figure 14 824 
 825 
1
10
100
1000
1 10 100 1000 10000
Vesicle Equivalent Diameter (µm)
N
u
m
be
r 
o
f c
o
n
n
ec
tio
n
s
PV3
AMO29
AMO32
BCP1
 
1
10
100
1000
1 10 100 1000 10000
Vesicle Equivalent Diameter (µm)
N
u
m
be
r 
o
f n
ei
gh
bo
u
rs
PV3
AMO29
AMO32
BCP1
 
 826 
 827 
 828 
 829 
 830 
 831 
 832 
Figure 15 833 
 834 
  
Eq
u
iv
al
en
t D
ia
m
et
er
 
o
f V
es
ic
le
 
2 
(µ
m
) 
  
 Equivalent Diameter of Vesicle 1 (µm) 
 835 
 38 
Table 1: Results of textural analysis of explosion pyroclasts and comparison with data obtained on the 836 
same samples (Giachetti et al. in press). 837 
 
 
BCP1 interior AMO29 AMO36 PV3 
Sample type 
Coarsely 
breadcrusted 
bomb interior 
Pyroclastic 
flow pumice 
(dense) 
Pyroclastic 
flow pumice 
(dense) 
Pyroclastic flow 
pumice (highly 
vesicular) 
Bulk Vesicularity – 3D analysis (vol.%) 43 60 70 75 
Bulk Vesicularity – 2D analysis (vol.%) a 36 ± 2 61 ± 2 57 ± 2 74 ± 2 
Bulk Vesicularity – He-Pycnometry (vol.%) a 33 ± 2 58 ± 1 61 ± 1 76 ± 1 
Nv vesicles >2 µm – 3D analysis (×1014 m-3) b 6.6 21.9 59.8 48.4 
Nv vesicles >2 µm – 2D analysis (×1014 m-3) a,b 23±2 16±1 29±4 21±2 
Crystallinity vesicle-free– 3D analysis (vol.%) c 36 68 69 68 
Crystallinity vesicle-free– 2D analysis (vol.%) a 79 73 66 55 
Nv oxides >2 µm – 3D analysis (×1014 m-3) b 12.2 18.2 19.4 12.0 
Nv oxides >2 µm – 2D analysis (×1014 m-3) a,b 40±7 33±3 21±3 17±2 
Nv throats >2 µm – 3D analysis (×1014 m-3) b 3.4 21.8 12.8 133 
H2O in melt (wt%) d 1.10±0.34 0.45±0.31 0.77±0.21 1.32±0.14 
Quench pressures (MPa) from H2O content d  10.3±5.9 1.9±2.5 5.2±2.7 14.5±2.8 
Decompression rate (MPa.s-1) e 0.4-1.5 0.3-1.7 1.7-5.3 2.5-2.6 
a From Giachetti et al (in press). Nv values recalculated to a ~2 µm limit 838 
b Glass-referenced 839 
c Including microlites (except plagioclase that were not distinguished on the SLS stack images) 840 
d From Burgisser et al (submitted) 841 
e Using the method of Toramaru (2006) with a temperature of 850°C (Devine et al. 2003) and diffusivities 842 
calculated by Giachetti et al. (in press) for the same samples. 843 
 844 
